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Microalgal systems have the potential to be an effective tertiary treatment step to lower 
effluent nitrogen and phosphorus levels discharged from secondary clarifiers at water resource 
recovery facilities. This work leveraged a tubular photobioreactor (PBR) system to evaluate the 
effect of a natural microalgal consortium on amended secondary clarifier effluent from the 
Urbana, IL water resource recovery facility. The photobioreactor is critical to ensure algae 
dominance over heterotrophic bacteria, but phosphorus uptake has been shown to be achieved in 
a dark mix tank. The objective of the work was to determine whether the system could use light 
time in the photobioreactor for carbohydrate storage and still achieve the adequate nutrient 
removal in the dark. The system was cycled between light and dark conditions, on the timescale 
of hours, with the goal of creating phosphorus-deplete conditions in the light, to see if 
phosphorus removal occurred when fresh influent was added in the dark. Different experimental 
conditions were evaluated with the goal to achieve complete phosphorus removal, but ultimately, 
the system was unable to achieve the level of removal necessary for full-scale implementation 
under these conditions. Since complete phosphorus removal was not achieved, carbohydrates 
were not stored in the light and no phosphorus removal occurred in the dark. Many different 
troubleshooting steps were attempted (e.g., increased solids and liquids residence times, cycle 
time, light exposure, aeration and pH control) but even under the less conservative conditions, 
the removal was not achieved, presumably because the limiting factor was not identified. The 
results of this study will still be able to help inform full-scale design and operation of algal 
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CHAPTER 1: INTRODUCTION 
Nutrient removal from wastewater is of utmost importance to protect receiving water 
bodies from eutrophication.1,2 Excess of nutrients released into the environment are harmful for 
aquatic ecosystems, as they can lead to increased growth of algae and cyanobacteria, the latter of 
which can lead to high levels of toxins that can kill aquatic life and be a threat to human health. 
Dense algae growth can also prevent sunlight from penetrating into the water, cutting off the 
major energy supply to aquatic ecosystems. Additionally, as the algae die and are degraded by 
bacteria, significant amounts of dissolved oxygen (DO) are taken up, effectively creating a dead 
zone unable to sustain higher life.3,4 This is detrimental to aquatic ecosystems and local 
economies. Phosphorus (P) and nitrogen (N) are two key nutrients commonly discussed in 
wastewater treatment and the prevention of eutrophication. Algae cells need P for DNA, RNA, 
and the transfer of energy, and need N for protein synthesis.4 Studies from a lake in the 1970s 
established P is often the naturally limiting nutrient in freshwater bodies, the results of which led 
to significant regulations surrounding the discharge of P and, ultimately, improved water quality 
in receiving bodies of freshwater.4 The same regulations on P discharge were applied to plants 
near estuaries and costal marine bodies of water, but the water quality of those receiving bodies 
was not improved. This led to the realization that N is often the limiting nutrient in saltwater 
bodies.4 Focusing on fresh water, to protect aquatic life, it is critical to reduce the amount of P 
released into receiving bodies. Runoff from land-applied fertilizer contributes high amounts of P 
to streams and rivers, but is unable to be regulated in the United States due to existing legal 
frameworks. Instead, point discharge sources are being targeted first for P regulations.4 
Specifically, permits regulating discharge at water resource recovery facilities (WRRFs) are 
becomingly increasingly strict, with some permits requiring effluent concentrations as low as 
0.05 mg-P·L-1.  
Currently, enhanced biological phosphorus removal (EBPR) and chemical phosphorus 
precipitation are the two main mechanisms for P removal at WRRFs. EBPR takes advantage of 
polyphosphate accumulating organisms’ ability to uptake and store P, but reaches a practical 
limit of P removal around 0.1 mg-P·L-1 with reliable performance typically limited to 0.3 mg-
P·L-1. Chemical precipitation has reached its practical limit for P removal at around the same 
threshold of 0.1 mg-P·L-1. Chemical precipitation also does not allow for the recovery of the 
nutrients, instead sending waste straight to landfills. The limit of technology of WRRFs for N 
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and P is right around 3 mg-N·L-1 and 0.1 mg-P·L-1, thus new removal technologies are required 
to reliably meet stricter permits.5,6 
New biological processes are being evaluated, specifically the potential of microalgae to 
assimilate N and P, two key nutrients required for algae growth.1 Microalgae have adapted to 
assimilate nutrients at low concentrations, meaning they have the potential to remove otherwise 
recalcitrant nutrients in tertiary treatment steps at WRRFs.7,8,9 Adding a microalgal system as a 
tertiary treatment step at a WRRF would prevent needing to completely redesign (e.g., enlarge 
all steps of) the treatment plant. Currently, with physical and chemical treatment processes, 
WRRFs are unable to remove most of the organic forms of N and P found in wastewater. This is 
critical, because removal of the organic forms of the nutrients will be required to meet permit 
regulations. Biological treatment systems, such as algae, are able to take up these organic forms.8 
Additionally, algal treatment systems allow for the recovery of, not just removal of, the nutrients. 
Nutrient-rich algal biomass can serve as the feedstock for fertilizer,10 biofuels,7,11 and other 
bioproducts,12 capitalizing on the waste products of algal treatment systems. These bioproducts 
could help offset some of the cost to the WRRF. The main challenge with algae treatment 
systems is to reduce the required footprint and cost, to make full-scale implementations effective 
solutions.  
Most recently, suspended growth photobioreactor (PBR) systems have been investigated, 
with the potential to be the most intensive algal treatment processes, due to greatest light 
penetration.7,13,14 Suspended growth systems offer other benefits over attached growth systems, 
including better removal, higher growth rates, in part due to increased interaction between the 
microorganisms and the wastewater.15 However, the cost and footprint of reactor systems 
increase with light penetration, meaning an ideal system reduces the required light. Research has 
been done to show P removal can occur in the dark.16,17,18,19 It has been shown that under P-
limited light conditions, algae can store carbon for P uptake in the dark.16,20 Further research is 
required for light-dark cycling on the timescale of hours to take advantage of this, which was the 
goal of this experiment.  
The objective of this work was to determine whether the system could use light time in 
the PBR for carbohydrate storage and still achieve nutrient removal in the dark. This study 
leveraged a tubular PBR with a hollow-fiber membrane and programmable alternating red and 
blue LED strip lighting. The PBR was operated as a sequencing batch reactor (SBR; treatment 
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sequence of drawdown, fill, wait) to simulate a full-scale plug flow reactor. The system was 
cycled between light and dark conditions, on the timescale of hours, with the intent of creating P-
deplete conditions in the light, while tracking carbon storage as carbohydrates. The study 
evaluated using stored carbohydrates as the main mechanism of nutrient removal in the dark. 
Results of this study will inform full-scale design and operation of algal treatment processes that 




CHAPTER 2: BACKGROUND 
2.1: OVERVIEW OF ALGAE USE IN WASTEWATER TREATMENT 
Algae has been used in the wastewater treatment process for decades,21 but mostly in 
large-footprint stabilization lagoons to provide oxygen for bacteria to support biochemical 
oxygen demand removal and nitrification.22,23 Nutrient removal in lagoons has typically been 
limited and variable, and not a main design consideration. Recently, research has focused on 
intensifying algal processes for nutrient removal, including high-rate algal ponds24,25 and 
attached-growth systems.26 High-rate algal ponds have been effective for nutrient recovery, but 
require shallow depths, usually between 0.2-0.6 meters, for adequate light penetration, meaning 
large physical footprints are also required. Attached growth systems (e.g., biofilms) make it 
easier to harvest the nutrient-rich algal biomass, but limit overall nutrient removal, as algae cells 
on the bottom layer are limited in their access to light and nutrients, shielded by the cells above 
them. Thus, not all the cells in the system work at their full potential to remove nutrients.  
 
2.2: PHOTOBIOREACTOR DESIGN 
Recently, suspended growth photobioreactor (PBR) systems have been investigated, with 
the potential to be the most intensive algal treatment processes, as algae cells are exposed to 
increased light penetration and nutrient access.7,13,14  PBRs can achieve more intensive nutrient 
uptake relative to open ponds and can increase biomass concentrations up to 3.5 times.27,28,29,30 
Most recently, the addition of a membrane to the PBR system has further intensified the algal 
treatment process. The membrane allows for the retention of biomass in the system, to prevent 
biomass washout and allow for separate manipulation of hydraulic residence time (HRT) and 
solids retention time (SRT).,29,30 reducing the required footprint of the system.31,32 The membrane 
is critical to reduce the footprint required of the treatment process, which can ultimately lower 
the cost of the system. The increased cell density also allows for higher nutrient removal 
efficiencies. The typical ranges of HRT for membrane PBR systems is between 6 hours and 5 
days.33 Shorter HRTs allow for treatment of larger volumes of water, but longer HRTs allow 
more time for nutrient removal. The footprint of the system depends directly on HRT, thus it is 
desirable to have the lowest possible HRT, while still achieving adequate nutrient removal in the 
effluent. The SRTs of membrane PBR systems are longer than the HRTs, to cultivate a culture of 
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algae dense enough to achieve nutrient removal. Longer SRTs with increased culture density also 
means light penetration through the PBR decreases. Due to shading effects, light intensity 
decreases exponentially with distance from the reactor wall.33 
 
2.3: LIGHT-DARK CYCLING 
Light penetration is essential, because lighting is commonly the limiting factor for 
membrane PBR systems.28 Increasing light penetration in the reactor increases the cost of the 
reactor system (e.g., thinner reactors reduce the light path, but increase reactor footprint). The 
cost of installing and operating artificial lighting can be inhibitory in full-scale photobioreactors, 
while outdoor greenhouses are subject to natural variable changes in light intensity. Thus, the 
ideal system reduces the required light for the algal PBR system. One way to decrease the total 
amount of required light is to alternate between light and dark conditions. In the past, research 
has looked at trying to find maximum light efficiencies by cycling light on the timescale of 
milliseconds, seconds, and across diel cycles, but studies on cycle times of tens of minutes or 
hours are sparse. This is important because of promising results shown from several studies over 
diel light cycles that show P removal can occur in the dark.17,18,19 Specifically, it has been shown 
that under P-limited conditions, algae use light energy to store carbon, in the form of 
carbohydrates.20 Carbohydrates were shown to be metabolized under dark conditions as the cells’ 
source of energy,9,34,35,36,20 which allows for the possibility of continuous nutrient uptake under 
diel conditions.37,38,17,18,19,37 Foy et al. found that under light periods of over 12 hours, algal cells 
had insufficient time in the dark to use their stored carbohydrates and as light time was 
decreased, the percentage of total N uptake that occurred in the dark increased.34 Bradley et al. 
showed that maximum P uptake is 0.24 mg P · (g-VSS)-1·(hr)-1 in light conditions,39 while 
Fedders et al. showed that maximum P uptake from stored carbohydrates ranges from 0.2 – 0.7 
mg P·(g-VSS)-1·(hr)-1.16 Thus, P uptake in the dark, with carbohydrate storage being the main 
mechanism of removal, has the potential to compete with P removal rates in light. The effect of 
light-dark cycling on the storage and metabolism of carbohydrates on the timescale of hours is 








Figure 1: Schematic of biomass, soluble phosphorus, and carbohydrate concentrations over time 
when exposed to light-dark cycling. The black line between light and dark signifies the cycling 
of the pumps where biomass is wasted, permeate is wasted, and fresh influent is added. The 
biomass and soluble P are the concentrations in the mixed liquor. The carbs is the concentration 
in the algae cells. 
 
2.4: CLEARAS WATER RECOVERY DESIGN 
One company has already demonstrated that algae can uptake P in the dark at pilot-scale. 
CLEARAS Water Recovery (CWR) has a pilot-scale plug-flow tubular PBR system in Missoula, 
MT that has had success with P removal in the dark. The CWR system is a tertiary treatment 
step, added at the end of a preexisting WRRF, comprised of a mix tank, an outdoor PBR in a 
greenhouse with supplemental LED lighting, and a membrane tank. In the CWR system, 
secondary effluent from the WRRF is deposited into a dark mix tank with mixed liquor, which 
then travels though the PBR and into a membrane tank with submerged membranes to separate 
the algae from the permeate. From there, the separated algae (a.k.a., return activated algae, 
RAA)40 is recirculated back into the dark mix tank at the beginning of the process, where it 
mixes with fresh secondary effluent. The membrane tanks allow for a total system HRT on the 














phosphorus recovery to below 0.03 mg-P·L-1, with the ability to treat 16,000 gallons per day.42 
Data from the CWR system suggests the system operates with P uptake in the dark mix tank 
followed by time in the lit PBR under P-deplete conditions. Based on this general thinking, it is 
hypothesized that storage carbohydrates are the main mechanism of P removal. Under P-deplete 
conditions in the lit PBR, algae use the light energy to store carbohydrates, which they use for 
energy once they are recycled into the mix tank with fresh secondary effluent containing P. The 
cycle continues as the cells take up P and grow in the mix tank. Under these conditions, both the 
mix tank and PBR are vital components to the P removal.  
 
 
Figure 2: The CWR pilot-scale plant in West Bountiful, UT. 
 
These results from the CWR operations are promising for intensifying PBR systems. By 
cycling mixed liquor between a lit PBR and a dark mix tank, there is a potential to drive down 
time in the light, decreasing footprint and energy costs. The PBR is critical to the system to 
ensure algae dominance, but mix tanks are cheaper and have a smaller areal footprint than PBRs. 
The objective of this work was to determine the minimum amount of time the algae cells can 
spend in the lit PBR (where reduced time in the PBR is offset with increased time in the dark 
mix tank) while still achieving complete P removal from the effluent. 
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CHAPTER 3: METHODS, RESULTS, AND DISCUSSION 
3.1: METHODS 
This study was designed based on one of CWR’s setups in West Bountiful, UT. Thus, 
most of the initial laboratory design decisions were kept the same as the CWR precedent, in 
order for the laboratory setup to help inform their full-scale design and gain insight to the design 
parameters. As the project progressed and the system did not achieve complete P removal, many 
of these original design decisions were changed. The description below reflects the design at the 
start of experimentation, when the laboratory setup most closely mimicked the CWR design. 
Changes to the design will be explained further in the thesis.  
 
Figure 3: An image of the PBR experimental setup in the laboratory. 
 
In the laboratory, a tubular photobioreactor with a hollow-fiber membrane and 
programmable alternating red and blue LED strip lighting were used. The reactor had an inner 
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diameter of 4 inches, wall thickness of 0.25 inches, and a total (and working) volume of 5.6 
liters, as detailed in Appendix A – Diagrams of Experimental Setup. The reactor was made of 
transparent acrylic and was filled to eliminate headspace. The reactor had side ports for DO and 
pH probes, a diffuser for aeration, and sample collection, as well as top ports for influent, 
membrane feed, recirculated retentate, effluent, and pressure relief. A stir bar and stir plate 
provided constant mixing for the PBR to ensure algal cells had equal access to lighting and 
nutrients. Mixing was further supplemented with intermittent aeration through the diffuser at a 
rate of 0.1 Lair·Lreactor-1·min-1.16 Before entering the reactor, all gas was passed through deionized 
water to humidify the air and limit evaporation losses.9 The CWR full-scale PBR will be made of 
glass tubes 4 inches in diameter, while the functioning pilot-scale PBR has a diameter of 2.5 
inches.  
The reactor was inoculated with a natural algal culture skimmed off the surface of a 
secondary clarifier weir at the Urbana, IL WRRF and secondary clarified effluent from the same 
WRRF. This naturally occurring algae culture was accustomed to the specific growth conditions 
at the Urbana, WRRF and best suited to treat secondary effluent from the same plant. Having a 
combination of species of algae and bacteria has been shown to aid the degradation of complex 
molecules and increase nutrient uptake rates.27,43 The algae and bacteria work together 
symbiotically in the system, with the algae providing oxygen as the electron acceptor to the 
heterotrophic bacteria and bacteria providing carbon dioxide for phototrophic growth.43 Having a 
mixed culture increases the robustness of the system and allows it to adapt to environmental 
fluctuations, as different species are able to dominate under different conditions.43 The species 
best suited to the conditions thrive, while the weaker ones die off, creating the strongest culture. 
After collection from the WRRF, the algae were strained through a 0.6 mm mesh screen to select 
for microalgae.  
A cell count was performed to determine the approximate number of cells starting in the 
system.16 This was done with a plate count under a microscope with a dilution factor of 100. Ten 
uL of solution were added to the slide and the number of algae cells in each of the 9 squares were 
counted. Cells on the top and right borders of the squares were included in the count, while cells 
on the bottom and left borders of the squares were excluded. The average number of cells in each 
square was 18.6, as seen from Figure 4.  




















Figure 4: The results from the cell count for inoculation of the reactor.  
 
The number of cells per mL of solution was calculated using the equation: 
Cells per mL =  average cell count per square x dilution factor x volume factor 
Cells per mL = 18.6 x 100 x 104 = 18,600,000 cells per mL inoculum 
A total of 49 mL inoculum, or 9.1x108 cells, were added to bring the reactor volume up 4.5 L.  
The cells were inoculated into the reactor with secondary clarifier effluent from the 
Urbana WRRF, with the addition of ample nutrients. After inoculation, the microalgae were 
given a two-week acclimation period to transition to laboratory conditions, to limit loss of 
species due to washout. During the acclimation period, the PBR was run as a batch reactor, to 
build up the cell culture density, with continuous pH control and aeration.16 Light intensity was 
gradually increased from 88 µE·m-2·s-1 to 220 µE·m-2·s-1 to allow the cells to adjust. At the end 
of the first week, the reactor contents were strained through 0.6 mm wire mesh again, to select 
for suspended growth.16 All remaining attached growth in the reactor was bleached and removed. 
This process was repeated at the end of the two-week acclimation period, but there was very 
little attached growth to remove. After the two-week period, continuous operation began.  
Secondary clarifier effluent was collected twice a week, 80 L at a time, from the Urbana 
municipal wastewater treatment plant to serve as influent to the reactor.39 Municipal secondary 
effluent was chosen as the influent, 1) to mimic the CWR system and 2) to increase the relevance 
of the experiment, since municipal wastewater treatment plants are the most prevalent type. The 
secondary clarifier effluent was amended and stored in the dark at 4 ºC before and during use. 
The concentration of total N and P in the secondary effluent was tracked three months prior to 
the start of the experiment and varied from 18-30 mg-N·L-1 and 0-2 mg-P·L-1. To ensure nutrient 
loading to the reactor remained constant, the raw secondary clarifier effluent was amended with 
inorganic N, P, and micronutrients. Since the composition of effluent naturally varies over time, 
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amendment was necessary for the system to be able to reach and maintain steady state. 
Amendment also ensured there were enough nutrients in the wastewater to support the growth of 
algae. Stable nutrient levels are also able to rule out varying nutrient concentrations as a variable. 
The concentrations of total N and P of the collected secondary clarifier effluent were measured 
using the persulfate digestion method, using the Hach Kit number 2714100, and the 
molybdovanadate method, using the Hach Kit number 2767245, for N and P respectively. The 
analyses were used to determine how much of both N and P needed to be added to reach 42 mg-
N·L-1 and 3.5 mg-P·L-1. These target nutrient concentrations were chosen to ensure there would 
be enough nutrients for algal growth. The 12:1 ratio of N:P was chosen so that P would be the 
limiting nutrient, so the system could achieve the objective of complete P removal. The 
secondary effluent was also amended with micronutrients to ensure adequate concentrations of 
trace metals, required for robust algal growth. Most wastewaters have all of the required 
micronutrients, thus this was just a precaution in case the Urbana WRRF did not. If wastewaters 
do not have adequate micronutrients, municipalities can amend their wastewater to support algal 
growth. The concentrations of nutrients added to the secondary effluent can be seen in Table 1.  
 
Table 1: The final desired concentrations of nutrients for influent to the reactor.  
Nutrient Compound added to 
secondary effluent 
Desired concentration in 
reactor influent 
P K2HPO4 3.5 mg·L-1 
N NH4Cl 42 mg·L-1 
Na EDTA-Na2 · 2H20 12.5 µM 
Mo (NH4)6Mo7O24 · 4H2O 0.01425 µM 
Se Na2SeO3 0.05 µM 
Zn ZnSO4 · 7H2O 1.25 µM 
Mn MnCl2 · 4H2O 3 µM 
Fe FeCl3 · 6H2O 10 µM 
Cu CuCl2 · 2H2O 1 µM 
 
Like the CWR pilot-scale plant, the HRT and SRT for the laboratory setup were fixed at 
6 hours and 1.5 to 3 days, respectively. During continuous operation, aeration and pH control 
occurred when the LED lighting was turned off, to simulate conditions that algal cells experience 
in the dark CWR membrane and mix tanks. Sparging with carbon dioxide was used to control the 
pH. The target pH range was between 7.25 and 7.75, ideal for algal growth. Carbon dioxide was 
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dosed once per cycle, at the start of the dark period, until the pH was brought below 7.25. The 
sparging with carbon dioxide simulated CWR sparging the membrane tank with carbon dioxide. 
The CWR system is located in an outdoor greenhouse with natural light from the sun and limited 
supplemental LED lighting.  
The laboratory system was automated and controlled through LabVIEW, allowing the 
sequencing batch reactor to simulate the CWR plug-flow reactor through cycling and wait time. 
The system was cycled every 3 hours, in a series of 4 steps: 1) algal cells were wasted from the 
system, 2) mixed liquor was passed through the membrane until the desired volume of permeate 
was collected, 3) amended secondary clarifier effluent was pumped into the reactor until there 
was no headspace, 4) all pumps turned off for a wait period that brought the total cycle time to 3 
hours (Permeate pump MasterFlex L/S pump and influent pump MasterFlex I/P pump).  
 
Figure 5: Reactor schematic of the waste, draw, fill, and react phases within a cycle. 
 
To maintain an SRT of 1.5 days, approximately 0.47 L of mixed liquor were wasted at 
the start of each cycle. This was done by setting a metal tube at a volume 0.47 L below the top of 
the reactor. Then a MasterFlex L/S pump turned on for enough time to remove all the cells above 
the effluent line. The mixed liquor pump was set on an internal timer to restart every 3 hours. 
Algae cells needed to be removed from the system each cycle, in order for the reactor to reach 
steady state, to account for the growth and reproduction of algal cells. For full-scale 
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implementation, with higher flow rates, these wasted algal cells are what have the potential to be 
harvested for use in bioproducts. For an HRT of 6 hours, a total of half the volume (2.8 L) was 
wasted per cycle. This volume included what was wasted with the mixed liquor pump (0.47 L) 
and the permeate pump (2.33 L). The permeate pump was controlled by LabVIEW, based on 
weight of permeate collected on a scale that was also connected to LabVIEW. When the weight 
on the scale reached the required weight for 2.33 L, the permeate pump turned off. The 
LabVIEW program restarted the permeate pump every 3 hours. The permeate pump could not be 
controlled on an internal pump timer, because filtration time depended on fouling of the 
membrane. The membrane used in the laboratory system was a hollow-fiber, crossflow filtration 
membrane. The membranes allowed solids to flow straight through, while permeate was pulled 
out radially, which helped reduce fouling in the system, necessary with a high target solids 
concentration of over 1,000 mg·L-1. The laboratory system used a WaterSep Investigator ReUse 
Investigator41 membrane with a pore size that allows retention of 90% of particles with a 
molecular weight of 750K Daltons, which is roughly equivalent to 0.075 um in diameter. No 
algal cells were lost in the permeate line, because the molecular weight cutoff of the membrane 
excluded algal cells from passing through.  
Figure 6: An exploded view of the hollow fiber membrane used in the laboratory setup. 
 
Once the volume of permeate was collected, the permeate pump turned off and the 
influent pump turned on, based on an internal timer. The influent timer was set to run for the 
amount of time required to replace the 2.8 L removed, so that the reactor was filled up to the 
point of zero headspace, to prevent air exchange from occurring at the top of the reactor. The 
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amended secondary clarifier influent was stored in 20 L carboys in the dark at 4 ºC before and 
during use. The influent container was replaced at least every 21 hours, to keep the system 
running. The last step of the cycle was a wait period that brought the total cycle time to 3 hours.  
There were several other key components to the reactor system. The retentate line had a 
manual needle valve that was used to control the distribution of flow through the permeate and 
retentate lines, by creating back pressure in the retentate line. The needle valve was adjusted as 
the membrane fouled, to keep filtration times relatively constant. Every week, the membrane was 
cleaned to eliminate fouling. This was done by disconnecting the membrane from the PBR and 
running 1 L of a 10% bleach (90% deionized (DI) water) solution through the membrane and 
allowing it to deactivate the cells for 30 minutes. The bleach was then flushed out of the 
membrane with several passes of DI water (approximately 5 L) and then wasted mixed liquor 
from the previous cycles. The wasted mixed liquor was the last to pass through the membrane, to 
replace algal cells in the membrane during bleaching. Only recently-wasted mixed liquor was 
used to replenish cells lost in the membrane cleaning, to avoid perturbing the culture of cells in 
the reactor. Running mixed liquor through the membrane before hooking it back up to the reactor 
also provided a check to ensure algae cells were not killed and all the bleach was removed after 
cleaning. The transmembrane pressure (TMP) was monitored with two pressure transducers, one 
on either side of the membrane. TMP is calculated as the average of the pressure readings on 
both sides of the membrane. The pressure transducers were connected to LabVIEW and 
monitored. If the TMP exceeded 8 psi, the system was automated to decrease the pump 
revolutions per minute by one, until the TMP was dropped below 8 psi again. TMP did not end 
up being an issue with the setup.  
In conjunction with the pump cycling, the reactor was subjected to light-dark cycling to 
track P uptake via stored carbohydrates in dark conditions. The lighting of the system was 
provided by alternating red (630 nm) and blue (460 nm) LED strips (BlazeTM 12V LED Tape 
Light, Elemental LED, Reno, Nevada) that were programmed with an Arduino controller chip. 
The lighting was controlled to mimic the CWR system: the time in the light represented the plug-
flow PBR and the time in the dark represented the membrane tank and the mix tank. The first 
lighting configurations followed a natural day-night cycle, with 12 hours following an 
intermittent sinusoidal curve to represent cycling in daylight, as seen in Figure 7, and 12 hours of 




Figure 7: The initial lighting scheme following a diel curve to mimic both natural daylight and 
the cycling between tanks and PBR. 
 
Once cycling began, the goal was to run the reactor to steady state, defined as less than a 
5% variation in volatile suspended solids (VSS) over 3 consecutive days, measured at the same 
time each day.9 After steady state was reached, sampling for system would be done twice per 
day, once at the end of a dark phase and once at the end of the following light phase. However, 
after cycling began, the reactor never reached steady state. The solids concentration, tracked with 
VSS, started around 450 mg·L-1 and steadily dropped close to 100 mg·L-1 in 7 days, until most of 
the cells had been washed out of the system, and effectively no nutrient removal was occurring. 
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Figure 8: The progression of loss of culture density in the reactor as cells were lost in the 
membrane. 
 
It was hypothesized that cells were getting stuck in the pores of the membrane and 
remaining there until the membrane was bleached for cleaning, when the cells were permanently 
removed from the system. To test the hypothesis, a tracer test was performed with inert silt 
particles. The silt particles were 44 um in diameter, which were larger than the typical range of 
microalgae of 1-10 um, but the smallest inert particle size available for use. The reactor was 
inoculated at an initial concentration of silt particles of 1.00 g·L-1 in DI water and run under the 
same conditions as with the algae, except for modifications to the SRT and aeration. The reactor 
was run at an infinite SRT, meaning no cells were purposefully wasted and any cells leaving the 
closed system were getting stuck in the membrane. Unlike the intermittent aeration in the algal 
system, constant aeration was used to help keep the heavier silt particles suspended in the 
system. The same volume of permeate (2.33 L) was drawn out of the membrane and replaced 
with DI water every cycle. Optical density measurements at 680 nm were taken at the end of 









The results from the tracer test showed a linear decrease in the concentration of silt 
particles in the reactor over cycles, leading to the conclusion that there was substantial cell loss 
occurring in the membrane. It was further hypothesized that the MasterFlex L/S pump flow rate 
of 480 mL·min-1 was not strong enough to push cells through the membrane so many got stuck 
in the pores. To remedy the issue, a MasterFlex I/P pump with a flow rate of 4,000 mL·min-1 was 
added to the system. The MasterFlex I/P pump did not have an RS232 port, which is necessary to 
connect to LabView. Instead, it was added as an extra step after the influent pump turned off. 
The MasterFlex I/P pump turned on for 5 minutes every cycle to pull cells through the membrane 
in the reverse direction as the permeate pump. This created a closed loop and prevented volume 
from being lost out the permeate line. The crossflow rate of 4,000 mL·min-1 was sufficient to 
flush the algae cells from the pores of the membrane and significantly reduced unintentional cell 
loss.  
Within a few days, with continued cycling, the culture regained density and leveled out to 
be at the lower end of the density required for sustained nutrient removal, approximately 200 
mg-P·L-1. This required density was estimated based on the elemental analysis of biomass, which 






















was used to determine the composition at the UIUC Chemical Sciences’ Microanalysis 
Laboratory. Freeze-dried biomass was analyzed in duplicate for total elemental carbon, 
hydrogen, and nitrogen contents by mass, using a Perkin Elmer 2400 Series II CHNS/O 
Elemental Analyzer. Total elemental phosphorus content of freeze-dried biomass was 
determined using a Perkin Elmer SCIEX ELAN DRC-e ICP-MS. At the start of the experiment, 
it was determined that the biomass was comprised of 0.5 – 2.0 percent P by weight. In order to 
achieve complete P uptake of 3.5 mg-P·L-1, the biomass concentration would need to be a 
minimum of 175 – 700 mg-P·L-1. 
Biomass concentration was measured with the solids protocol. Total suspended solids 
(TSS) were determined in triplicate, immediately after sample collection following the dark 
phase. Ten mL of mixed liquor was filtered through pre-rinsed, pre-combusted, and pre-weighed 
0.7 μm glass fiber filters (Whatman GF/F, item no. 0987472, Fisher Scientific), heated at 105 ºC 
for 1 hour, and desiccated 30 minutes before TSS weighing. Following TSS, volatile suspended 
solids (VSS) was determined in triplicate, by combusting TSS samples for 20 minutes at 550 ºC 
in a muffle furnace, desiccating for 30 minutes, and then weighing. TSS was calculated as the 
difference between the weight after the first desiccation and the pre-weight and VSS was 
calculated as the difference between the weight after the second and first desiccations.  
During cycling, total phosphorus (TP) and total nitrogen (TN) were tracked once per day, 
at 1:00 pm, which was at the start of the dark period that followed the light period with the 
highest-average light intensity. The cycle that ended at 1:00 pm was chosen, because the algae 
had been exposed to the most light energy so should have the highest P removal rates. If 
adequate P-removal was not achieved after that cycle, it would be clear that troubleshooting 
would be necessary. If adequate P-removal was achieved, then P-removal could be measured at 
other times of the day. Samples were taken from the effluent permeate and measured using the 
persulfate digestion method for N and molybdovanadate method for P. After several weeks of 
tracking, two points became clear: 1) the system was not achieving adequate P-removal and 2) 
the molybdovanadate method was not precise enough to track the changes in P concentration. 
The persulfate digestion method and molybdovanadate method were initially chosen, 
because the digestion steps ensured the organic forms of the nutrients were included in the 
concentration. Although secondary clarifier effluent does not typically contain high 
concentrations of organic nutrients, any amounts present would be counted. The best alternative 
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for measuring total phosphorus was through the ascorbic acid method, which measures only the 
orthophosphate form of phosphorus, any organic forms would not be included. At the same time, 
the Urbana WRRF was experiencing variable effluent P values that went above 3.5 mg-P·L-1, 
and prevented the system from being able to achieve steady state. As such, after 2 months of 
running the system on secondary effluent, the influent was switched to synthetic wastewater 
media, with DI water as a base. The same total concentrations of N and P and of the 
micronutrients were added to the influent, along with the addition of sodium bicarbonate, which 
is a natural buffer found in wastewater, but not present in DI water.  
 Initial measures of phosphate removal from synthetic wastewater media with the ascorbic 
acid method showed very little removal was occurring. The difference between the influent 
media and effluent at the end of the cycle was less than 0.2 mg-P·L-1, when the desired removal 
was 3.5 mg-P·L-1. It was hypothesized that the original lighting configuration was too 
conservative and did not provide enough energy necessary for complete P removal. It was 
decided to remove the sinusoidal lighting curve representing the diel lighting cycle and alternate 
between constant intensity light and dark. The light time was set to the maximum intensity of the 
LEDs with a surface irradiance of 220 µE·m-2·s-1, while the time in the dark was 0 µE·m-2·s-1. 
Total cycle time was set at 3 hours, to mimic the CWR system and to allow for 2 complete cycles 
per 6-hour HRT. The time in the dark was set at 1 hour at the start of each cycle, to mimic time 
in the membrane tank, when pumps are cycling, and time in the mix tank, with constant mixing. 
The time in the light was set at 2 hours, mimicking the time spent in the PBR. Constant pH 
control occurred during the time in the dark. Constant aeration also occurred during the hour in 
the dark, as well as intermittently throughout the time in the light. At 2 equal intervals during the 
time in the light, the aeration turned on for 10 minutes, simulating a break in a PBR, to ensure 
DO remained below 15 mg·L-1, above which algae growth is inhibited. The times when each 
component of the system was running is shown in Figure 10. Two mirrors were also added 
around the reactor, to allow light to reflect off and penetrate the reactor from the back, as seen in 
Image 3. This would be similar to adding strips of LED supplemental lighting to the underside of 
a full-scale implementation. The algae culture was dense enough that effectively no light 
penetrated through the reactor, thus the addition of mirrors increased overall light exposure. The 
light intensity entering from the back of the reactor increased from 0 µE·m-2·s-1 to approximately 





Figure 10: The times in the cycle when 
different components of the PBR system were 
running. 
  
Figure 11: The addition of mirrors around the 
PBR allowed light to penetrate the reactor 
from the back, increasing total light intensity. 
 
 The same time the light intensity was increased, the influent phosphate concentration was 
lowered to 1.0 mg-P·L-1. This change in influent phosphate concentration was to make it easier 
for the system to achieve complete P removal within each cycle, since the goal of the experiment 
was to track P removal in the dark via storage carbohydrates. The concentration of N, 
micronutrients, and sodium bicarbonate remained the same.  
 
3.2: RESULTS AND DISCUSSION 
 
 After allowing the reactor approximately 5 SRTs to reach steady state, phosphate 
concentrations were tracked throughout a cycle. As seen in Figure 12, concentration of 
phosphate in the influent was tracked, as was the concentration of phosphate in the reactor 
immediately after the addition of the influent, labeled “Max in reactor”, as was the concentration 
of phosphate at the end of the dark period, labeled “End of dark”, as was the concentration of 




Figure 12: Phosphate concentrations tracked across one lighting cycle in the PBR under initial 
experimental conditions, measured on 3/27/19. 
 
No phosphorus removal occurred in the dark period, which makes sense after seeing that 
0.47 mg-P·L-1 remained at the end of the light period. This means the cells never had the P-
deplete conditions necessary for storing carbohydrates, which are used for P removal in the dark. 
Phosphate was measured several more times under these conditions, to ensure the results shown 
in Figure 12 portrayed the reactor conditions accurately. The reactor was never able to achieve 
complete P removal under these conditions.  
The next step taken in troubleshooting the reactor was to double the cycle time, to give 
the algae cells more time to complete the P removal. This was not ideal, because it did not mimic 
the CWR system, but it was deemed necessary to adequately observe and measure carbohydrate 
dynamics. With the doubling of the cycle time, it was determined that the HRT and SRT would 
be doubled as well. Doubling the HRT and SRT meant the pump cycling could continue as 
before, and only the wait time the pumps and the LabVIEW code would increase. The new HRT 
was 12 hours, while the new SRT was approximately 3-6 days. The phosphate results from the 
































Figure 13: Phosphate concentrations tracked across one lighting cycle in the PBR under the 
doubled cycle, measured on 4/9/19. 
 
 The double cycle time yielded approximately 0.17 mg-P·L-1 removal, when 1.0 mg-P·L-1 
removal was necessary to begin exploring carbohydrate dynamics. The removal from the initial 
cycle of half the length was 0.14 mg-P·L-1, thus no meaningful increase in removal was seen by 
doubling the cycle time. As such, it was estimated that light exposure may still have been the 
limiting factor. Light intensity from the LEDs was already set at the maximum and the mirrors 
had been added to increase light exposure from the back. The last big change to lighting was to 
decrease the light path. This was done by switching reactor type. Two new reactors were 
experimented with, a smaller tubular PBR with a diameter of 2.5 inches and a flat panel PBR 
with a thickness of 25 millimeters. The smaller tubular PBR, seen in comparison to the original 































Figure 14: A side-by-side comparison of the initial 4-inch diameter tubular PBR and the new 2.5-
inch diameter tubular PBR. 
 
Both reactors were inoculated with a new culture of algae, a combination of cells 
harvested from the Urbana WRRF and cells shipped to the lab from the CWR setup in Utah. A 
new culture of algae was used to avoid secondary selection. With each change in conditions, 
diverse algae cultures adapt so the species most suited for the conditions survive, while the 
others die off. The loss of diversity prevents the culture from being as adaptable to future 
changes. Several large changes in conditions may have limited the number of species available in 
the original culture and may mean it was no longer the best culture to treat the newest conditions. 
The 4-inch diameter tubular PBR was tried first with the new culture, under the more 
conservative cycling conditions with the doubled times. The reactor was allowed to reach steady 
state before the phosphate protocol was carried out. Again, the run was unsuccessful, with 
similar limited removal as seen with the original culture of less than 0.2 mg-P·L-1. The 2.5-inch 
diameter tubular PBR was then hooked up to cycling and allowed to reach steady state under the 
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conditions of a 12 hour HRT and 3-6 day SRT. The decreased diameter of the small tubular PBR 
allowed light to penetrate through the reactor, with an intensity of approximately 100 µE·m-2·s-1, 
measured from the back of the reactor. However, phosphate removal rates in the 2.5-inch tubular 
PBR were no better than in the 4-inch PBR. This led to the conjecture that light was not the 




Figure 15: The flat-panel PBR used for experimentation.  
 
 Results from experimentation with the flat-panel PBR, with the shortest light path of the 
three reactors, supported the conclusion that light was not the limiting factor in the experimental 





Figure 16: Phosphate concentrations tracked across one lighting cycle in the flat-panel PBR, 
measured on 5/28/19. 
 
Since increasing light exposure by changing reactor type had little to no effect on P 
removal, light was most likely not the limiting factor in the setups. However, it is still unclear 
what was preventing adequate uptake of the P. A summary table of all the reactor configurations 
tested is shown in Table 2. None of those configurations were able to achieve consistent removal 
rates above 0.2 mg-P·L-1. More research and experimentation with configurations is necessary to 
































Table 2: Summary of the main reactor configurations and experimental conditions used in this 
research. 
Reactor type 4-inch tubular 
 
4-inch tubular 4-inch tubular 2.5-inch tubular Flat panel 
Cycle time 3 hours 
 
6 hours 6 hours 6 hours 6 hours 
HRT 6 hours 
 
12 hours 12 hours 12 hours 12 hours 
SRT 1.5 days 
 
3 days 3 days 3 days 3 days 
Lighting Diel cycle with 
12 hours dark, 
12 hours light, 
with cycling: 1 
hour dark, 2 
hours light  
Cycling: 2 
hours dark, 4 
hours light 
Cycling: 1 
hour dark, 5 
hours light 
Cycling: 1 hour 
dark, 5 hours 
light 
Cycling: 1 
hour dark, 5 
hours light 






DI water DI water  
[P] in 
influent 
3.5 mg·L-1 3.5 mg·L-1 1 mg·L-1 1 mg·L-1 1 mg·L-1 
Aeration In the dark and 
twice for 10 
minutes during 
the light 
In the dark and 
twice for 10 
minutes during 
the light 
Constant Constant Constant 
pH control  In the dark and 
twice for 10 
minutes during 
the light 
In the dark and 
twice for 10 
minutes during 
the light 
Constant Constant Constant 
 27 
CHAPTER 4: CONCLUSIONS 
Although the outcome of the research was not as desired, there are several potential next 
steps to pursue. The first recommendation is to perform an autopsy on the WaterSep membrane 
in the laboratory system. That could give valuable insight to membrane functionality and how 
the use of the membrane impacted the system. This was the first time the Guest Research Group 
used a membrane in an experimental setup and likely may be the cause of the system not 
behaving as was expected. Although the data showed that after the addition of the stronger 
MasterFlex I/P pump, the SRT was no longer detrimentally affected by a loss of cells in the 
membrane, the membrane may still have had an impact on the system performance. Cutting the 
membrane open to characterize fouling and quantify the mass of biomass in the pores may 
provide information about whether the membrane chosen was the membrane best suited for the 
system. A smaller membrane may have yielded more successful results. The WaterSep 
Investigator41 Reuse, the membrane used in this system, is generally meant for larger-scale 
systems. The use of a smaller membrane would reduce the shear force required to expel the algae 
cells from the membrane. That could prevent any potential weakening of the cells that may have 
happened at the flow of 4,000 mL·min-1. 
As was discussed previously, microalgae use for wastewater treatment holds potential for 
achieving increased, consistent phosphorus removal, necessary as permits regulating WRRF 
discharge get increasingly stringent. The current algae treatment systems are limited by cost and 
footprint, which generally are in conflict with each other. However, suspended growth 
membrane photobioreactor systems have the potential to reduce cost and footprint, while being 
able to achieve reliable removal. To reduce cost of the system, PBRs can be located in outdoor 
greenhouses to take advantage of natural sunlight and prevent the financial and energy costs of 
needing to supply supplemental LED lighting. The Clearas Water Recovery pilot-scale plants in 
Missoula, MT and West Bountiful, UT are located outside to take advantage of the natural 
sunlight. However, the PBR is the only part of the CWR system where algae have access to 
natural lighting. The membrane tank and mix tank are in the dark, which takes up approximately 
a third of the cycle time. If algae were able to achieve P removal in the dark, via stored 
carbohydrates, it would allow the algae to be active at all points in the cycle; CWR has seen its 
best P removal rates when this occurs. Continuing on with this research will help determine the 
best configurations for cost-effective P removal using algae PBR systems that cycle between 
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light and dark conditions. Although the results of this specific study were not as promising as 
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APPENDIX A: DIAGRAMS OF EXPERIMENTAL SETUP 
 
Figure 17: Diagram of the components of the reactor system. 
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APPENDIX B: TRACKING OF SOLIDS CONCENTRATIONS 
 
Figure 21: Total suspended solids concentration over time, with the reactor running at a 1.5-day 

















Figure 22: Total suspended solids concentration over time, with the reactor running at a 5-day 


















Figure 23: Total suspended solids concentration over time, with the reactor running at a 2-day 
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